Four constructed wetland systems were studied to investigate the effects of adding Eisenia fetida on the purifying capacity of constructed wetlands. Addition of E. fetida increased the photosynthetic rate (P n ), transpiration rate (T r ) and chlorophyll meter value of leaves of Iris pseudacorus L. in the constructed wetlands by 16, 35 and 7%, respectively. Compared with the substrate only system, evapotranspiration losses were increased by 8, 48 and 56% for the wetland systems with substrate and E. fetida, with substrate and I. pseudacorus, and with substrate, I. pseudacorus and E. fetida, respectively. Addition of E. fetida to the substrate only and substrate and plant wetland systems decreased the substrate bulk density by 3 and 6%, respectively. The addition of E. fetida to the system with substrate and plants increased the removal efficiency of chemical oxygen demand (COD Mn ), total nitrogen (TN) and total phosphorus by 5, 7 and 22%, respectively. Evapotranspiration losses were significantly positively correlated with the removal efficiency of COD Mn (P < 0.01). The significantly negative correlation between the removal efficiency TN and bulk density was found (P < 0.05). Therefore, E. fetida could stimulate I. pseudacorus growth and improve the substrate bulk density in the constructed wetland, resulting in enhanced purifying capacity.
INTRODUCTION
Constructed wetlands are effective at removing not only pathogenic organisms and nutrients, but also toxic metals and organic pollutants (Zurita et al. ) . Li et al. () found that cattail and bulrush contributed to higher chemical oxygen demand (COD) removal than the common reed. Bodelier et al. () showed that planted reactors gave better removal of NH 4 -N than unplanted reactors due to the release of oxygen from the roots of emergent plants, producing a positive effect on nitrifying bacteria in the rhizosphere. Zhu & Sikora () demonstrated that wetland cells planted with canary grass (Phalaris arundinacea) and reed (Phragmites australis) had better nitrate removal rate than when planted with bulrush (Scirpus atrovirens georgianus) and cattail (Typha latifolia). Kaseva () showed that the unplanted treatment removed less nitrogen (N) compared with planted treatments in constructed wetlands. In addition, wetland plants in the constructed wetland require nutrients for growth and reproduction; they have been identified as phytoremediation mechanisms for removal of N and phosphorus (P) from wastewater. So, wetland plants play an important role in constructed wetlands to purify water.
Earthworms are important as ecosystem engineers, and play an important role in organic matter breakdown and soil structure improvement (Lavelle & Spain ) . They also alter N cycling, both directly through consumption of leaf and soil material and excretion, and indirectly by burrowing and casting (Sheehan et al. ) . Earthworms increase the rate of organic N mineralization and subsequent nitrification within the soil compartment (David & Gary ) and increase the export of nitrogen from soils into the atmosphere through denitrification (Parkin & Berry ) . Earthworms are also important in food webs, as they are regular prey for vertebrate predators, such as badgers and the little owl (Van den Brink et al. ). Therefore, earthworms are important contributors to the transformation of organic matter in ecosystems and improvement of soil structure.
Earthworms have been used to solve some environmental problems. For example, water hyacinth mixed with cow dung became vermicompost by using a vermireactor using earthworms (Eisenia fetida) (Gupta et al. ) . Sinha et al. () demonstrated that the vermifiltration system with worms was found to improve the treatment of most wastewater constituents, while the system without worms produced wastewater of a poor quality. However, there is little information about using earthworms in constructed wetland systems. Therefore the objectives of this study were to investigate the effects of the addition of earthworms on wetland plant photosynthetic characteristics, evapotranspiration losses and substrate bulk density in a constructed wetland, and the effect of added earthworms on the purifying capacity of the constructed wetland.
MATERIALS AND METHODS

Materials
Soil samples used for this study were collected from the upper soil layer (0-20 cm) from a paddy field at the Nanjing University of Information and Technology in Nanjing, China (32 W 03 0 N, 118 W 51 0 E). It was air-dried, ground and sieved (< 2 mm). Precautions were taken to avoid contamination during sampling, drying, grinding and storage. Organic matter, total nitrogen (TN), available nitrogen, available phosphorus, available potassium, and pH of the soil were 12.1 g kg À1 , 0.99 g kg À1 , 57.9 mg kg À1 , 70.9 mg kg À1 , 50.39 mg kg À1 and 7.3, respectively. Sand was obtained from a local building material market. The pH of the sand was 7. . Nylon mesh was put into the barrel bottom to prevent leakage of the substrate from the barrel into the pot. The tested substrate was prepared using a 1:1 (v/v) mixture of the soil and the washed sand to provide both high hydraulic conductivity and a large surface area for wastewater purification in the constructed wetland. Four treatments were used: (1) a constructed wetland with 7 L of substrate only in the barrel (S); (2) a system with substrate and earthworms consisting of substrate (7 L) with E. fetida added at a density of 32 g L À1 (SE); (3) a system with substrate and plants consisting of the substrate (7 L) with three seedlings of I. pseudacorus planted in it (SP); (4) a system with substrate, plants and earthworms consisting of the substrate (7 L) with three seedlings of I. pseudacorus planted in it and E. fetida also added at a density of 32 g L À1 (SPE). Each treatment was replicated three times. The barrel-pots were arranged in a randomized design in a glasshouse and their position was rotated regularly to ensure uniform conditions. Periodically the same volume of wastewater was added to each pot to maintain plant and earthworm growth. The experiment started in March. The pots were washed with distilled water in October, and 4 L of wastewater was accurately added to each. Wastewater collected from a cultivated fish pond, and permanganate index (COD Mn ), TN, total phosphorus (TP), ammonia nitrogen (NH 4 þ -N) and nitrate nitrogen (NO 3 À -N) of wastewater was 8.02, 4.56, 0.22, 1.06 and 2.74 mg L À1 , respectively. As such the wastewater belongs to the eutrophic water class. The photosynthetic rate (P n ), transpiration rate (T r ), and chlorophyll meter value (SPAD value) of I. pseudacorus were determined between 10:00 h and 12:00 h during the experiment. The volume of the wastewater remaining after 4 d was determined, and its COD Mn , and TN, NH 4 þ -N, NO 3 À -N, and TP concentrations were analyzed.
Analytical methods
Organic carbon, TN, available phosphorus, available potassium, soil pH, and bulk density of the substrate were determined using the methods described by Lu (). The leaf P n and T r of I. pseudacorus were measured with an LI-6400 portable photosynthesis system (USA), and the leaf SPAD value of I. pseudacorus was analyzed by a SPAD-502 chlorophyll meter (Konica Minolta Sensing Inc., Japan). The P n , T r and SPAD value of the six leaves of I. pseudacorus were analyzed and used to calculate the average value. The volume of wastewater was directly determined using a graduated cylinder. The TN, TP, NO 3 À -N, NH 4 þ -N and COD Mn in the wastewater were determined as in Sun & Huang () . The following equations were used to determine evapotranspiration losses and the removal efficiency of the pollutant:
where Q is evapotranspiration loss (mL cm À2 d À1 ), V 0 is the initial wastewater volume (mL), V 4 is the volume of wastewater remaining after 4 d (mL), W is the surface area of the substrate in the barrel (cm 2 ), f is the removal efficiency (%), C 0 is the concentration of the initial wastewater (mg L À1 ), and C 4 is the concentration of the wastewater remaining after 4 d (mg L À1 ).
Statistical analysis
All data analyses were performed using the SPSS 12.0. A one-way analysis of variance (ANOVA) was conducted for different wetland systems. In this analysis, P n , T r , SPAD value, substrate bulk density, and removal efficiency were the dependent variables, and different kinds of wetland systems (S, SE, SP and SPE) were the independent variables. To detect the statistical significance of differences (P < 0.05) between means of treatments, Duncan's multiple range was performed. Correlation between evapotranspiration losses, bulk density, and the removal efficiency was also analyzed.
RESULTS AND DISCUSSION
Effect of E. fetida on I. pseudacorus photosynthetic characteristics
The addition of E. fetida to the constructed wetland system with substrate and plants increased the leaf photosynthetic rate, transpiration rate and SPAD value of I. pseudacorus by 16, 35 and 7%, respectively (Figure 1(A) , (B), (C)). The leaf photosynthetic rate and transpiration rate of I. pseudacorus were higher in the system with substrate, plants and E. fetida than in the system with substrate and plants (P < 0.05), suggesting that E. fetida promoted I. pseudacorus growth. The results were similar to that observed by Edwards & Bohlen (), who reported that earthworms generally promote plant growth.
Evapotranspiration losses and bulk density in the different constructed wetland systems
Evapotranspiration losses from the different constructed wetland systems were different (Figure 2(A) ). Compared with the constructed wetland system with substrate only, evapotranspiration losses increased by 8, 48 and 56%, for the constructed wetland system with substrate and E. fetida, with substrate and plants, and with substrate, plant and E. fetida, respectively. The evapotranspiration losses were significantly higher in the system with substrate, plants and E. fetida, and with substrate and plants than in the systems with substrate and E. fetida, and with substrate only (P < 0.05). Addition of E. fetida to the substrate only system, and the system with substrate and plants increased evapotranspiration losses by 8 and 5%, respectively, showing that evapotranspiration losses of the constructed wetland systems were increased by addition of E. fetida. The substrate bulk density was significantly lower in the system with substrate, plants and E. fetida than in the system with substrate only (P < 0.05) (Figure 2(B) ). Addition of E. fetida to the substrate only and substrate and plant systems decreased the bulk density by 3 and 6%, respectively. The bulk density of the constructed wetland therefore decreased as a result of burrowing by E. fetida introduced to the substrate. Correlation analysis showed a negative correlation between evapotranspiration losses and bulk density suggesting that E. fetida increased the porosity of the substrate because of their burrowing, resulting in increased evapotranspiration losses.
Effect of E. fetida on the purifying capacity of the constructed wetlands
Addition of E. fetida to the constructed wetland system with substrate only increased the removal efficiency of COD Mn by 3% (Figure 3(A) ). Taylor et al. () reported that earthworms could increase the dissolved oxygen concentration, which was attributed to the porous cast aggregates and earthworm burrows within the medium. Our results showed that the bulk density of the constructed wetland decreased as a result of E. fetida burrows within substrates (Figure 2(B) ). This result is in agreement with Frelich et al.
() who found that earthworms can alter soil structure by creating macrospores. Therefore, it appears that the addition of E. fetida to the substrate only system increased the removal efficiency of COD Mn because of higher oxygen concentrations arising from E. fetida burrows within the substrate. The addition of E. fetida to system with substrate and plants increased the removal efficiency of COD Mn by 5% (Figure 3(A) ). Huang et al. () reported that the photosynthetic characteristics of wetlands plant species affect their ability to provide oxygen. So, the higher removal efficiency of COD Mn in the system with substrate, plants and E. fetida could contribute to higher oxygen concentrations in the rhizosphere because of higher leaf photosynthetic rates and transpiration rate of I. pseudacorus resulting from the addition of E. fetida (Figure 1(A), (B) ). The removal efficiency of COD Mn was significantly positively correlated with evapotranspiration losses of constructed wetland (P < 0.01).
The removal efficiency of NH 4 þ -N, NO 3 À -N and TN increased by 0.8, 0.4 and 17% (Figure 3(B) , (C), (D)), respectively in the system with substrate and E. fetida compared with the substrate only system. David & Gary () showed denitrification rates increased by >400% in the earthworm treatments compared with the control. This suggests that, in this study, the removal efficiency of TN was higher in the constructed wetland system with substrate and E. fetida than in the substrate only system because of a higher denitrification rate resulting from E. fetida activity. The addition of E. fetida to the system with substrate and plants significantly increased the removal efficiency of TN by 7% (P < 0.05). N is one of the main constituents of chlorophyll. Mattila & Räisänen () found that periphyton growth was positively correlated with concentrations of chlorophyll a and TN. The SPAD value was linearly correlated with N concentration in cotton plants (Wang et al. ) . Consequently, we attribute the greater removal of TN in the system with substrate, plants and E. fetida to significant uptake of N by I. pseudacorus. This would occur because of the higher concentrations of leaf N arising from addition of E. fetida, which is supported by the higher leaf SPAD value of I. pseudacorusresulting from addition of earthworms (Figure 1(C) ). The removal efficiency of NH 4 þ -N and NO 3 À -N was significantly positively correlated with evapotranspiration losses (P < 0.05), but it was significantly negatively correlated with bulk density of constructed wetland (P < 0.05). The significantly negative correlation between the removal efficiency of TN and bulk density was also found (P < 0.05). The removal efficiency of TP was decreased by 36% in the system with substrate and E. fetida compared with the substrate only system (Figure 3(E) ). Aira et al. () demonstrated that the presence of earthworms was associated with a higher alkaline phosphatase activity. The activity of alkaline phosphatase is linked to the transformation of organic to inorganic P (Yang et al. ) . This suggests that the removal efficiency of TP was decreased in the system with substrate and E. fetida compared with the substrate only system, because the P was released from organic matter by greater microbial and enzyme activity induced by the addition of E. fetida.
The addition of E. fetida to the system with substrate and plants increased the removal efficiency of TP by 22%. Iron plaque is commonly observed on the surface of wetland plant roots (Crowder & MacFie ) . Xu et al. () found that the Fe plaque formation increased P uptake, through enhancing the diffusion of P into the roots of I. pseudacorus. Christensen () reported that the P retention was higher in the sediment with Littorella uniflora than in the bare sediment. Huang et al. () demonstrated that oxygen in wetlands was produced through photosynthesis and is transferred from the leaves to the roots of plants by the processes of molecular diffusion and convection. Therefore, the addition of E. fetida to the system with substrate and plants significantly increased the removal efficiency of TP (P < 0.05) (Figure 3(E) ), which could contribute to the higher P uptake and Fe plaque due to greater O 2 released from higher P n of I. pseudacorus in treatments with earthworms present.
CONCLUSION
The addition of E. fetida to the system with substrate and plants increased the photosynthetic rate, transpiration rate and SPAD value of leaves of I. pseudacorus by 16, 35 and 7%, respectively. Compared with the substrate only system, the systems with substrate and E. fetida, with substrate and plants, and with substrate, plants and E. fetida increased evapotranspiration losses by 8, 48 and 56%, respectively. Addition of E. fetida to the substrate only and substrate and plant systems decreased the bulk density by 3 and 6%, respectively. Compared with system substrate and plants, systems with substrate, plants and E. fetida increased the removal efficiency of COD Mn , TN and TP by 5, 7 and 22%, respectively. Therefore, the addition of earthworms could be a method to manage vertically constructed wetland to improve the removal efficiency of N and P.
